Xenorhabdus is a major insect pathogen symbiotically associated with nematodes of the family Steinernematidae. This motile bacterium displays swarming behavior on suitable media, but a spontaneous loss of motility is observed as part of a phenomenon designated phase variation which involves the loss of stationaryphase products active as antibiotics and potential virulence factors. To investigate the role of one of the transcriptional activators of flagellar genes, FlhDC, in motility and virulence, the Xenorhabdus nematophilus flhDC locus was identified by functional complementation of an Escherichia coli flhD null mutant and DNA sequencing. Construction of X. nematophilus flhD null mutants confirmed that the flhDC operon controls flagellin expression but also revealed that lipolytic and extracellular hemolysin activity is flhDC dependent. We also showed that the flhD null mutant displayed a slightly attenuated virulence phenotype in Spodoptera littoralis compared to that of the wild-type strain. Thus, these data indicated that motility, lipase, hemolysin, or unknown functions controlled by the flhDC operon are involved in the infectious process in insects. Our investigation expands the view of the flagellar regulon as a checkpoint coupled to a major network involving bacterial physiological aspects as well as motility.
The genus Xenorhabdus (Enterobacteriaceae) consists of the specific bacterial symbionts of the entomopathogenic nematodes of the family Steinernematidae (57) and was separated from the genus Photorhabdus (10) containing the symbionts of the entomopathogenic nematodes of the family Heterorhabditidae. Both genera are entomopathogenic gram-negative bacteria belonging to the family Enterobacteriaceae. The nematodes of the Steinernematidae carry their bacterial symbionts monoxenically in a special vesicle in the intestines of the infective stage (L3 juveniles), while the nematodes of the Heterorhabditidae carry their bacterial symbionts throughout their intestines (22) . These bacteria are transported by their nematode hosts into the hemocoel of the insect prey which is killed, probably via a combination of toxin action and septicemia. The bacterial symbionts also contribute to the symbiotic relationship by establishing and maintaining suitable conditions for nematode reproduction (46) . Recently, a novel toxin complex with both oral and injectable activities against a wide range of insects was identified in Photorhabdus luminescens (11) .
The form of the bacterium that is normally isolated from symbiotic infective-stage nematodes is referred to as phase I. During in vitro culture or mass rearing of nematodes, Xenorhabdus and Photorhabdus strains spontaneously produce colonial variants which have been called phase II variants (9) . The two variants of the bacteria have generally been shown to be equally pathogenic for the larvae of the greater wax moth, Galleria mellonella (4) . Recently, Volgyi et al. (58) described for the first time a phase II variant that displayed reduced virulence in the Manduca sexta virulence assay.
The two variants of Xenorhabdus can be distinguished by several characteristics, which may be involved in insect virulence or association with nematodes. During the stationary period, phase I variants of Xenorhabdus adsorb dyes on agar plates, produce outer membrane protein OpnB (39) , have protease, lipase, or lecithinase activity (56) , secrete chemical antibiotics (3), synthesize mannose-resistant pili (43) , and have protoplasmic paracrystalline inclusions (15) . These properties are either apparently absent or greatly reduced in phase II variants. It is clearly demonstrated that the phase shift occurs during the stationary period of growth and that the phase variation phenomenon is highly variable, unpredictable, and reversible (26) . It was suggested that phase variation is controlled by a putative master switch which affects a number of other regulatory systems differently that in turn control one or more phase variant characteristics. Recently, we showed that swarming and swimming motility in different Xenorhabdus nematophilus strains were impaired by phase variation (28) . In strain F1, the phase II variant was nonmotile and unable to synthesize flagellar filaments. Moreover, the flagellin-encoding gene, fliC, and the hook-associated protein 2 gene, fliD, were switched off at the transcriptional level in the phase II variants (29) . These results suggested that the expression of a gene earlier in the transcriptional hierarchy of the flagellar regulon was impaired. Approximately 50 genes are involved in the biogenesis and function of a flagellum of Escherichia coli or Salmonella enterica serovar Typhimurium (for a review, see reference 42). These genes are transcriptionally regulated as a cascade and are coordinated with the flagellar hierarchy (35) . At the top of the hierarchy is the class I operon, flhDC, whose products are required for expression of all other flagellar genes (7, 36) . The E. coli FlhD and FlhC proteins act as an activator for class II operons including most of the structural genes for the flagellar hook-basal body complexes plus the alternative sigma factor fliA (41) . The product of the fliA gene, 28 , directs the transcription of class III genes which encode the filament protein, hook-associated proteins, motor proteins, and various chemotaxis proteins (44) . The central channel is believed to work as a passage not only for flagellar component proteins but also for flagellar regulatory protein FlgM, an anti-sigma factor (33, 36) . Accumulation of FlgM in the cell by preventing its export blocks the transcription of class III genes, including flagellin.
FlhD is involved in processes other than flagellar expression that occur when cells enter the stationary phase (48) . Recently, it was demonstrated that E. coli flhD mutants were unable to sense the depletion of serine from the medium that signals wild-type cells to reduce their cell division (48) . Acetyl phosphate and phosphorylation of OmpR would mediate this effect (47, 54) . Moreover, Givskov et al. (30) and more recently Young et al. (60) have shown that the flhDC operon controls phospholipase expression and secretion in Serratia liquefaciens and Yersinia enterocolitica. It was proposed that type III protein secretion by the flagellar apparatus may be a general mechanism for transport of proteins involved in virulence (60) .
The simultaneous loss of motility and extracellular stationary-phase products during phase shift in Xenorhabdus led us to investigate whether global regulators, equivalent to the master operon flhDC of E. coli, control flagellar synthesis and other phase-variable properties of these entomopathogenic bacteria. The role for Xenorhabdus flhDC in bacterium-insect interaction was also studied.
MATERIALS AND METHODS
Bacterial strains and media. The strains and plasmids used in this study are listed in Table 1 . X. nematophilus F1 (phase I variant) was isolated from the nematode Steinernema carpocapsae Plougastel from Brittany, France. The phase II variants of X. nematophilus F1 were selected from in vitro cultures of the phase I variants. Phases I and II of F1 are indicated by addition of the suffixes /1 and /2 to the strain name, respectively, as previously described (9) . At each subcul- (13, 51) . Double-stranded DNA from pAGE101 and pAGE105 (Table 1) were used as templates for sequencing reactions. Sequencing was performed with the long DNA sequencer (model 1377; Applied Biosystems). DNA sequence analysis and Southern blotting experiments were performed as previously described (29) . In order to detect a locus homologous to E. coli flhD, X. nematophilus DNA digests were hybridized to the 1.5-kb DraI-HpaI fragment from pPM61 (Table 1) used as a probe. To compare the gross structure of the flhDC locus between phase variants I and II, a large fragment (7.5-kb EcoRI-BamHI fragment from pAGE1) containing chromosomal regions around X. nematophilus flhDC was used as a probe. To control the allelic exchange in the flhD null mutant, the 1.25-kb DraI fragment of pAGE105 was used as a probe. Total RNA from a log-phase culture (optical density at 540 nm of 0.5) of F1 strain phase variants grown in mot broth was purified per the manufacturer's instructions (5 Prime-3 Prime Perfect RNA total isolation kit). Equal loading in lanes was confirmed by absorbance at 260 nm. The ClaI-PstI fragment from pAGE1051 was used as a flhDC probe. Digoxigenin-labeled probes were synthesized, hybridized, and detected by the manufacturer's procedure (Boehringer Mannheim).
Gene disruption of flhD. A chloramphenicol-resistant omega cassette (24) with transcriptional and translational terminators was inserted into the unique HpaI site within the X. nematophilus flhD gene inserted into the pJQ200SK plasmid to yield pAGEQ2 (Table 1) . pJQ200SK plasmid is a derivative of pACYC184 carrying the sacB gene and the mob site from RP4. Preliminary experiments using exconjugant harboring plasmid (pRK404)-borne sacB gene showed that X. nematophilus cells were susceptible to 1% sucrose (A. Givaudan, unpublished data). Luria-Bertani (LB) medium without NaCl containing 2% sucrose was used throughout this study. The pAGEQ2 plasmid (a sacB-negative selection plasmid) ( Table 1 ) carrying a chloramphenicol resistance-encoding interposon inserted in the flhD gene was transformed into E. coli S17.1 and introduced into X. nematophilus F1/1 by mating. Cm r and Sac r exconjugants were selected, and omega insertion was confirmed by Southern blot analysis. The resulting clone was designated ⍀IA.
Complementation of flhD mutants. Complementation was done by means of mating experiments. A low-copy-number mobilizable plasmid pRK404 (derivative of RK2) ( Table 1 ) was used to transfer flhD (pAGE1254) or flhD (pAGE121) genes from variant I into flhD mutants as recipients. pAGE1254 and pAGE121 were constructed in the following way: the 1.9-kb BamHI-PstI fragment from pAGE1054 ( Fig. 1) was ligated into the BamHI-PstI digest of pRK404 to yield pAGE1254; the 1.5-kb HindIII fragment from pAGE101 was ligated into the HindIII digest of pRK404 to yield pAGE121. Both plasmids were transformed into E. coli HB101 and MC1000 flhD::Tn10 as a control of motility restoration. E. coli HB101 carrying pAGE1254 or pAGE121 was conjugally mated to the mutant by a triparental cross on nitrocellulose with HB101 (pRK2013 was used as a helper plasmid [ Table 1 ]). Exconjugants were selected for tetracycline and chloramphenicol resistance and screened for kanamycin sensitivity (absence of pRK2013).
Electron microscopy and phase-contrast microscopy. Early-exponential-phase bacteria were washed in phosphate buffer (0.1 M; pH 8). Carbon-coated copper grids (400 mesh) were floated onto a drop of washed bacteria, rinsed in ultrapure grade water, and negatively stained with 0.5% (wt/vol) phosphotungstic acid (5 to 10 s). Electron microscopy was performed with a JEOL 1200 X transmission electron microscope. Swimming motility and paracrystalline inclusions were observed with an Olympus light microscope. Early-exponential-phase bacteria were observed for motility, while paracrystalline inclusions were more detectable in 48-h-old bacteria grown on nutrient agar.
Immunoblotting. Lysates of whole cells were processed as follows. Whole-cell lysates from an exponential-phase culture in LB (for flagellin staining) and from 48-h-old cultures grown on nutrient agar (bioMérieux, Craponne, France) (for pilin staining) were prepared by boiling cells in Laemmli buffer (38) . Proteins partitioned in sodium dodecyl sulfate gels were transferred to nitrocellulose membranes (BAS85; Schleicher & Schuell). Membranes were incubated in a 1:300 dilution of rabbit antiserum directed against the denatured 36-kDa flagellin (28) and in a 1:200 dilution of antiserum directed against the denatured 16-kDa pilin (43) . Protein bands were detected as previously described (28) .
Phenotypic characterization of flhD mutants. Antibiotic, lecithinase, and DNase activities were tested by previously described methods (3, 8) . Extracellular lipase was indicated by a halo of precipitated material surrounding the colony cultured on Tween 20, 40, and 60 agar as previously described (56) . Hemolytic activity was determined by using blood agar plates and liquid hemolytic assay (50) . (i) Bacteria were grown on Trypticase soy (bioMérieux) with 5% (vol/vol) defibrinated sheep blood (bioMérieux); hemolysis was determined by the presence of a clearing surrounding bacteria grown on standard sheep blood agar plates. (ii) Determination of the hemolytic activities in bacterial supernatant or in intracellular protein extracts (prepared as previously described [28] ) was achieved by the liquid hemolytic assay (50) . Briefly, bacterial cells were harvested during growth for 5 days. After centrifugation and ultrafiltration (0.2-m-poresize filters; Millipore), the extracts were mixed with a suspension (25 l) of phosphate-buffered saline-washed sheep erythrocytes (bioMérieux) to a final concentration of 5% (vol/vol). The mixture was incubated at 37°C for 45 min. After centrifugation to remove unlysed cells and cell membranes, the hemoglobin released present in the samples was determined by measuring the optical density at 540 nm. The hemolytic unit (HU) (release of 100% of total hemoglobin) is defined as follows: (A 540 for the sample with hemolysin Ϫ A 540 for the control without hemolysin)/(A 540 for the complete lysis caused by mixing ultrapure grade water).
The agglutination assays were performed as previously described (43) with bacterial suspensions (10 9 cells per ml) and sheep erythrocytes (bioMérieux). The titer was defined as the reciprocal of the highest dilution of the samples causing visible agglutination.
Standard biochemical traits were assayed by using Biotype 100 strips (bioMérieux) to study the metabolism of carbon sources (carbohydrates, amino acids, and organic acids) in assimilation tests, API 20E strips to detect enzymes involved in the metabolism and fermentation of a few carbohydrates and API 50CH strips to study the fermentation of carbohydrates.
In vivo pathogenicity assays. The common cutworm, Spodoptera littoralis, was reared with a photoperiod of 12 h on an artificial diet at 24°C. Fourth-instar larvae were selected and surface sterilized with 70% (vol/vol) ethanol prior to intrahemocoelic injection. Then, with a Hamilton syringe, groups of 20 larvae were injected with 20 l of bacterial culture. To make the experiments reproducible, bacteria were grown to late logarithmic phase in LB broth, washed, and diluted in phosphate-buffered saline. Treated larvae were individually incubated for up to 96 h, and the time at which insects died was recorded. Bacterial concentrations were determined by CFU by plating dilutions onto nutrient agar. Statistical analysis were performed by comparing survival experiments. The rank test (Wilcoxon test) was used to compare mortality patterns.
Nucleotide sequence accession number. The sequence for the X. nematophilus flhDC operon has been assigned EMBL accession no. AJ012828.
RESULTS
Cloning, DNA sequence analysis, and expression of the flhDC genes from X. nematophilus. A Southern blot prepared with X. nematophilus F1 genomic DNA cleaved with EcoRI was hybridized with an E. coli labeled flhDC probe. One hybridizing 10-kb fragment was detected (data not shown). We therefore enriched for EcoRI fragments in the size range of 8 to 12 kb for cloning into the EcoRI site of pUC19. From 600 recombinant colonies, one colony was able to restore E. coli MC1000 flhD::Tn10 motility in mot agar. Plasmid DNA (pAGE1) purified from this recombinant colony contained the expected 10-kb insert. Subcloning steps yielded plasmid pAGE1054 with the 1.9-kb HindIII insert which still complemented MC1000 flhD::Tn10 for full motility (Fig. 1) . This insert was characterized by DNA sequence analysis. Two open reading frames (ORFs) in the same orientation were found within the 1,912 nucleotides. Both have distinct start and stop codons but Xenorhabdus flhD lacks an obvious ribosome-binding sequence (RBS) consensus, as previously reported for E. coli (7, 41) . A good match to the RBS consensus upstream of the second ORF, flhC, was found. A stem-loop structure (with a minimum free energy of 31.3 kcal/mol) was found downstream of flhC; however, this structure is not followed by the series of uridine residues characteristic of E. coli rho-independent terminator (16) . As expected, the predicted primary amino acid sequences are 72 and 78% identical to E. coli FlhD and FlhC, respectively. The strongest homology for X. nematophilus FlhDC is to FlhD (27) from Proteus mirabilis (91% similarity; 85% identity) and to FlhC (61) from Y. enterocolitica (88% similarity; 86% identity).
There is a putative cyclic AMP (cAMP)-receptor protein (CRP) binding site upstream of flhD (Fig. 1) which matches the CRP binding site consensus sequence (5Ј-AANTGTGA-N 6 -NCANATT-3Ј) (17) . To investigate the influence of this latter sequence on restoration of motility to E. coli mutants, cloned fragments containing flhDC genes from Xenorhabdus carried on a high-copy-number plasmid (pUC19 derivatives) or a medium-copy-number plasmid (pACYC184) ( Table 1) were transformed into E. coli MC1000 flhD::Tn10 strain and YK4323 (a flhC::Mu E. coli mutant). The transformants were examined for motility restoration in mot agar (Fig. 1) and under light microscope. Medium-copy-number plasmids containing flhDC with or without the CRP consensus sequence restore full motility to mutants, while the pUC19 derivatives with the same inserts without the CRP consensus sequence restored motility weakly in the MC1000 background (Fig. 1) . Although a gene dosage effect could account for this latter result, this region may have some effects on restoration of E. coli mutant motility. Catabolite repression has been reported to repress E. coli flagellar production in the presence of glucose (1) at the level of the flhDC operon. Increase of glucose concentration in mot agar to 55 mM showed no inhibitory effect on all E. coli transformants previously obtained (see above). Moreover, Xenorhabdus motility was not impaired by adding glucose (up to 55 mM). Furthermore, complementation experiments demonstrated that an insert with flhD alone is not able to complement MC1000 flhD::Tn10 for motility, owing to the polar effect of the Tn10 insertion (Fig. 1) . Southern blot hybridizations were used to compare the gross structure of the flhDC-flanking region in both X. nematophilus variants. Genomic DNA from F1/1 and F1/2 digested with four restriction enzymes (DraI, EcoRI, HindIII, and SspI) were Southern blotted and hybridized to a 7.3-kb EcoRI-BamHI fragment from pAGE1 used as a flhDC probe. The phase I and phase II variants showed the same hybridization patterns with all restriction enzymes used (data not shown). This suggests that the gross structure of the flhDC locus and its surrounding region are identical in both phase variants. Last, expression of flhDC genes was investigated by Northern blot analysis. Total cellular RNA from a log-phase culture of F1/1 and F1/2 was purified and hybridized with a flhDC probe (Fig. 1) . A single mRNA band signal with an approximate size of 1.25 kb was labeled with variant I and variant II RNA (data not shown). It is likely that flhDC are transcribed as an operon. Moreover, the amount of the message was identical in both variants grown under the same conditions (data not shown).
X. nematophilus flhDC operon controls swimming and swarming motility and flagellar synthesis. Previous studies have shown that X. nematophilus F1/1 displayed swarming and swimming motility and that the filament of the flagella is composed of one type of flagellin (the FliC protein) with an apparent molecular mass of 36.5 kDa (28) . To assess whether the master flhDC operon controls motility in Xenorhabdus, a flhD chromosomal null mutant (⍀IA) was constructed via allelic exchange. Electron microscopy showed that ⍀IA cells are nonmotile and nonflagellated, and Western blotting using antiflagellin antiserum confirmed that ⍀IA was unable to synthesize 36.5-kDa flagellin subunits (data not shown). This aflagellate flhD mutant was also unable to migrate over the surface of a solid medium (0.8% agar) (data not shown) that allowed Xenorhabdus swarming behavior (28) . Complementation experiments with low-copy-number mobilizable plasmid derivatives from pRK404 containing flhDC restored both swarming and swimming motility similar to that of wild-type strain F1/1 ( Fig. 2A) .
Phenotypic analysis of flhD null mutants. First, 160 standard traits were assayed by using Biotype 100 strips, API 20E strips, and API 50CH strips to compare the wild type and flhD null mutant for the metabolism of carbon sources (assimilation and fermentation tests) and the presence of enzymes involved in the metabolism. In all tests, no difference was observed between F1/1 and ⍀IA. The morphology of F1/1 and ⍀IA cells grown in LB liquid media and nutrient agar was examined by light microscopy. Exponential-phase cells are mainly rods, although they become increasingly pleiomorphic with apparent spheroplasts during the stationary period. F1/1 and ⍀IA (48-h-old) cells grown on solid media harbored one or two paracrystalline inclusions. The only morphological difference between the wild-type strain and flhD mutant was the presence of large amorphous cells in 3-day-grown cultures of ⍀IA cells (representing 1% of population) (data not shown).
As previously described (28, 58) , the swimming changes in X. nematophilus F1 during phase shift are associated with the loss of several phenotypic traits (Table 2 ). ⍀IA exhibited three phenotypes different from its parental strain F1/1 (Table 2). As described above, this latter mutant is unable to swim in mot agar ( Fig. 2A) , but surprisingly, only a partial hemolysis zone on blood agar (Fig. 2B ) and no halo on Tween agar (Fig. 2C) were observed. F1/1 colonies (48 h old) produced total hemolysis, while the flhD null mutant under the same conditions displayed only a faint halo of partial hemolysis. As shown in Fig. 2B , 72-h-old cultures of the mutant produce an unusual type of hemolysis previously described by Farmer et al. (23) . This type of hemolysis, namely, partial hemolysis immediately around the colony and a thin line of complete hemolysis at some distance from the colony (Fig. 2B) , has been designated annular hemolysis.
In order to estimate the production of extracellular hemolysin, liquid hemolysis assays were performed. Cell-free supernatants collected during cell growth of F1/1 and ⍀IA were incubated with erythrocytes, and the hemoglobin released from erythrocytes was spectrophotometrically measured as the indicator of cytolysis (see Materials and Methods). Hemolytic activity (0.5 HU) appears during the stationary phase of the wild-type strain, while no activity was detected in ⍀IA culture supernatant from cells grown for 5 days. No hemolytic activity against sheep erythrocytes was detected in ⍀IA intracellular protein extracts. Intracellular proteins from F1/1 grown in the same culture conditions, used as a control, exhibited cytolytic activity (0.2 HU). Moreover, no Tween lipase was detected in F1/1 supernatants containing active extracellular hemolysin. The other characteristics tested (lecithinase-like activity, antibiotic production, DNase activity, hemagglutination of sheep erythrocytes, and pilin synthesis) ( Table 2) were comparable to those observed in the parental strain. Table 2 also showed that phenotypes of the flhD mutant were different than those of the phase II variant.
Complementation experiments with low-copy-number mobilizable plasmid containing flhDC (see above) restored motility ( Fig. 2A) , hemolysis (Fig. 2B) , and Tween lipase activities for ⍀IA (Fig. 2C) ( Table 2 ). The flhD null mutant (⍀IA) carrying only the flhD gene in trans had phenotypes similar to those of the noncomplemented mutant (Table 2) . Although lecithinase and antibiotic phenotypes were not altered in ⍀IA mutants, a variable reduction (20 to 50%) in halo size from that of F1/1 was observed when flhDC were placed in trans in this mutant (Table 2 ). In order to confirm this latter observation, when pRK620 containing the E. coli flhDC genes (Table  1 ) and pAGE1254 were transferred into this mutant or in the wild-type strain F1/1, respectively, a significant reduction of lecithinase and antibiotic production was again obtained in these exconjugants (data not shown).
Virulence of flhD mutant and phase variants for Spodopera littoralis. The fact that the flhD mutant lost three potential virulence factors prompted us to question the in vivo relevance of these phenotypes. Living cells of wild-type X. nematophilus are highly virulent when injected into hemolymph of insects; the 50% lethal dose (LD 50 ) for the lepidopteran Galleria mellonella was less than five cells (4) . To assess the effects of flhD mutations on virulence in insects, two bacterial doses of F1/1, F1/2, and ⍀IA were injected into the hemocoel of another lepidopteran, Spodoptera littoralis. At both doses used, almost all injected larvae were dead within about 35 h (except for ⍀IA) and septicemia was observed in every case. To check that the flhD mutant and the phase II variant remain nonmotile in an insect environment, hemolymph samples were collected during septicemia and motility was observed under a light microscope. As expected, only F1/1 displayed a motile phenotype. The LD 50 s calculated for the three strains (F1/1, ⍀IA, and F1/2) were very low, less than 20 bacteria. When mortality was monitored over a 3-day period postinjection, mortality patterns of F1/1-and ⍀IA-injected larvae were significantly different (P Ͻ 0.001) with both doses of bacteria (Fig. 3) . By 30 h postinjection, 90% of F1/1-injected larvae were dead, while only 10% ⍀IA-injected larvae were dead (Fig. 3A) . The calculated time to 50% lethality (TL 50 ) in both experiments (Fig. 3) was longer for ⍀IA (36 and 32 h, respectively) than for the wild type (26 and 22 h, respectively) . The TL 50 of F1/1 was significantly (P Ͻ 0.001) shorter than that for F1/2 in both experiments (Fig. 3) .
DISCUSSION
The flhDC operon controls flagellar synthesis, motility, and swarming in Xenorhabdus. The DNA sequence analysis re- Parental strain
a All plates were cultured for 2 days at 28°C before assays were interpreted unless indicated otherwise. ϩ, positive, Ϫ, negative. b T, total hemolysis; AH, annular hemolysis observed with 72-h-old cultures. c Tween plates were observed with 72-h-old-cultures. ϩ, halo of precipitated material up to 6 mm in diameter; Wϩ, perceptible halo less than 6 mm. d ϩ, halo up to 8 mm in diameter; ϩ W , perceptible halo with variable diameters depending on the experiment but always less than 8 mm. e Zones of growth inhibition of Micrococcus luteus or E. coli HB101(pRK404) (for assays using tetracycline plates, see footnote h). ϩ, up to 40 mm in diameter; ϩ W , perceptible inhibition zones with variable values depending on the experiment but always less than 40 mm; Wϩ, zones less than 20 mm.
f Btb, bromothymol blue; B, dark blue colonies; BG, blue-green colonies; R, red colonies. g Ha, sheep erythrocyte agglutination (see Materials and Methods for titer calculation). ND, not determined. h Assays were performed with addition of tetracycline (for plasmid maintenance) and compared with the same strain containing pRK404 without insert.
vealed extensive homology of the coding regions for FlhD and FlhC with their respective homologues from other members of the family Enterobacteriaceae. Insertional inactivation of the chromosomal flhD locus produced nonswarmer, nonmotile Xenorhabdus cells unable to synthesize flagellin. Complementation studies using the Xenorhabdus flhDC locus in trans restored swimming and a swarming behavior to the flhD null mutants. These data demonstrated that the master operon, flhDC, controls flagellar synthesis, motility, and swarming behavior as previously reported in other bacteria (Serratia, Proteus, and Yersinia) (20, 27, 61) . We previously showed that phase I cells of strain F1 were motile and able to swarm on appropriate medium, while the phase II variants were nonmotile cells which did not synthesize flagellin (28) . It was also shown that the fliC gene encoding flagellin, which belongs to the class III flagellar genes, was expressed in phase I variant but not in phase II variant cells (29) . This latter result suggested that a gene higher in the transcriptional hierarchy of the flagellar regulon is switched off in phase II variants. This study showed that flhDC gene structure and expression in phase II variants are not altered, suggesting that this locus is not responsible for flagellar variation phenomenon. In E. coli and S. enterica serovar Typhimurium, the class III flagellar genes are under the control of FliA ( 28 ). However, it was demonstrated that the promoter region of certain Salmonella class III genes including fliD also contains class II promoters (FlhDC dependent) (32, 37) . Indeed, it was previously shown that X. nematophilus phase II variants were able to produce a small amount of fliD mRNA (29) . This may indicate that the weak transcription of phase II fliD gene is dependent on FlhDC and that fliA expression in phase II variant is impaired. We are presently studying the fliA-flgM regulatory system in Xenorhabdus.
Lipolysis and extracellular hemolysin activity are flhDC dependent. Examination of X. nematophilus flhD mutant phenotypes revealed the surprising result that the flagellar master operon is required for expression of at least two nonflagellar products involved in lipolysis and hemolysis. Even if these properties are also phase-characteristic phenotypes like motility (Table 2) , it is clear that the complete extinction of the flagellar regulon gives a mutant with phenotypes quite different from that of the phase II variant. However, examination of about a hundred phase-independent phenotypes revealed no difference between the flhD mutant and the wild-type strain. The results presented here indicate that at least two separate genetic networks, the flagellar regulon and an unidentified phase shift-dependent network, differentially control the expression of these three functions in X. nematophilus.
Gene disruption and complementation experiments illustrate that expression of flagellar proteins and secreted products involved in hemolysis and lipolysis are clearly dependent on the presence of both flhD and flhC genes ( Table 2) . In E. coli, FlhD alone, not the FlhDC heterotetramer, is involved in cell division (48) . In contrast, the intact operon is required to control phospholipase A-encoding genes in Serratia liquefaciens and Y. enterocolitica (30, 60) . The Serratia phospholipase pA promoter exhibits similarity to FliA-controlled promoter (31) . Moreover, it was clearly demonstrated in both genera that the phospholipase operon belongs to the class III flagellar genes (30, 60) . In Xenorhabdus, it was reported that molecules involved in lecithinase and broad lipase activity are distinct (56) . The ability to produce lecithinase in the Xenorhabdus flhD mutant lacking Tween lipase and hemolysin ( Table 2 ) also suggests that the Xenorhabdus flhDC operon controls genes quite different than the phospholipase A-encoding genes controlled by the flhDC operon in Serratia and Yersinia (31, 52) .
It was also recently proposed that the type III export apparatus of the flagellar system transports the virulence-associated phospholipase A and several unknown nonflagellar secreted proteins in Y. enterocolitica (60) . To date, no report has described the direct involvement of the master flagellar operon in expression and secretion of other biologically active molecules. However, HpmA hemolysin in Proteus mirabilis is coinduced with flagellin during swarm cell differentiation (6) . The molecules or genes involved in lipolysis or hemolytic activity in Xenorhabdus are not known. Nevertheless, the absence of intracellular hemolytic activity in the flhD mutant suggests that the FlhDC control of both transcription and export should be considered in Xenorhabdus.
The ␤-hydroxybutanoyl homoserine lactone autoinducer increased Tween lipase activity in transpositional mutants of X. nematophilus (19) and can restore virulence to avirulent mutants (19) . Thus, Tween lipase activity in X. nematophilus could be controlled by both flhD and quorum sensing. This link between both global regulators has already been described during formation of swarming colonies in S. liquefaciens (21, 40) .
Hemolysis in Photorhabdus, formerly called Xenorhabdus luminescens, was first described by Farmer et al. (23) , who observed an unusual reaction on a sheep blood plate, which was designated annular hemolysis (5). This reaction was at first considered to be a marker in recognizing P. luminescens strains isolated from clinical specimens (23) but also occurred in other P. luminescens isolated from nematodes (5). The Xenorhabdus flhD mutant produces annular ring hemolysis reaction on blood agar (Fig. 2B) . Unlike the wild-type strain, the lack of extracellular hemolysis production in the flhD mutant should allow for this observation. This particular phenotype of the flhD mutant strongly suggests the production of two types of hemolysin in X. nematophilus F1, (i) one flhDC-independent hemolysin giving the annular ring phenotype on blood agar and (ii) one flhDC-dependent extracellular hemolysin with cytolytic activity against sheep erythrocytes. The X. nematophilus extracellular hemolysin may be involved in cytotoxic effects observed on insect immunocompetent cells. New insect hemocyte cytotoxic factors recently identified from in vitro incubation of the nematode-bacterium complex provided from the bacterial symbiont X. nematophilus were shown to be distinct from lipopolysaccharide (49) .
flhDC-mediated properties are involved in virulence in insects. A series of data illustrates relationships between flagellum-mediated motility and bacterial virulence in hosts (45) . A few examples at the molecular level showed that regulation of flagellar synthesis, not motility, is indeed coupled to virulence. In S. enterica serovar Typhimurium, motility per se is not required for pathogenesis, but appropriate flagellar gene expression appears necessary for full virulence (53) . In Bordetella bronchiseptica, the genetic network that couples virulence gene regulation to motility has been identified. Motility is repressed by the virulence control system through an analogue of flhDC, and negative control is crucial for in vivo virulence (2) . X. nematophilus is highly pathogenic to insects, with a LD 50 of less than 20 bacteria to kill Galleria (4) or Spodoptera (this study). However, virulence factors are generally unknown in this genus. The transposition mutants are often useful to identify virulence-associated genes. However, in X. nematophilus, multiple Tn5 insertions were found (34) . Even if the Tn5 mutants were pleiotropic, all five avirulent mutants were nonmotile and partially impaired in blood hemolysis (59) . These data prompt us to study virulence of flhD mutants that displayed similar phenotypes. Surprisingly, flhD mutants remain virulent and are only attenuated, showing significant increases in TL 50 compared to that of the wild-type strain. All these data taken together suggest that one or more flhDC-mediated properties are involved in infection but are not necessary for this process. It is likely that pathogenicity of Xenorhabdus towards insect hosts is determined by a large number of factors, and the loss of several of them may not change virulence.
It is clear from this study that the Xenorhabdus flhDC operon is an important global regulator affecting stationary phaseexpressed virulence factors like extracellular hemolysin and Tween lipase besides flagellum-mediated motility. These data illustrate, for the first time in insects, the relationship between the flagellar regulon and virulence. This view of flhDC as a major checkpoint of genetic regulation argues for the presence of multiple flhDC-dependent genes outside the flagellar regulon involved in biogenesis of flagellum.
